The dynamics of room-temperature ionic liquids (RTILs) were studied by investigating their dielectric relaxation (DR) and timeresolved optical Kerr-effect (OKE) spectra in the frequency range of ∼10 MHz to ∼20 THz. For the studied RTILs the OKE and DR spectra are dominated by a relaxation in the GHz region and extend to a relatively sharp band at around 10 THz. Whilst the first feature is mainly associated with the structural relaxation of the fluid through ion rotation (α relaxation), the second indicates the short-time limit of intermolecular dynamics. The rather featureless intermediate region is mainly associated with intermolecular vibrations that are strongly coupled to hindered rotations. In contrast to other RTILs, imidazolium salts show an additional sub-α relaxation which dominates the OKE signal and is indicative of the breathing motion of rather long-lived cages.
Introduction
Room-temperature ionic liquids (RTILs) are often described as designer solvents due to their almost unlimited number of cation-anion combinations, allowing the fine-tuning of their properties with respect to specific applications [1, 2] . Among the class of aprotic RTILs imidazolium salts are undoubtedly the most intensively studied sub-class but salts composed of sulfonium, pyrrolidinium, pyridinium, phosphonium and ammonium cations are increasingly attracting interest. Due to their negligible volatility, high conductivity and generally large electrochemical window, aprotic RTILs are industrially interesting as reaction media and for potential applications in separation technology [3, 4] . Recently, the class of protic ionic liquids (PILs), obtained by proton transfer between a Brønsted acid and a Brønsted base, became of particular interest as possible replacements for aqueous solutions in batteries and fuel cells [5] . Naturally, the wide range of actual and potential applications for RTILs has inspired an impressive range of research activity [3, 4, 5, 6] . Nevertheless, many fundamental issues concerning the structure and especially the dynamics of these fascinating fluids are still not well understood. The main goal of DFG pri-ority program SPP 1191 was fostering investigations into fundamental physico-chemical properties of RTILs and their mixtures with other components. The present contribution summarizes our investigations of the collective dynamics of such systems within SPP 1191.
Around room temperature, the timescale of the relevant rotational and translational motions of RTILs spans from a few hundred femtoseconds to several nanoseconds, roughly corresponding to frequencies between ∼10 THz and ∼10 MHz. This dynamic range was covered by broadband dielectric relaxation (DR) spectroscopy, which is sensitive to fluctuations of the macroscopic dipole moment of the sample [7] . This technique is especially suited to the investigation of RTILs and their mixtures as it not only covers the entire frequency range required (albeit with several instruments, see below) but also because the cations and some of the anions generally constituting RTILs possess a permanent dipole moment. In addition, DR spectroscopy is the only technique available at present to directly determine the static relative permittivity (dielectric constant), ε, of conducting samples, yielding thus a measure for RTIL polarity [2, 8, 9] . Our dielectric studies were complemented by ultra-fast optical Kerr-effect (OKE) spectroscopy, which can cover the same frequency range and is sensitive to fluctuations of the polarizability anisotropy [10] . As DR and OKE spectroscopy can be viewed as the low-frequency counterparts of, respectively, infrared and Raman spectroscopy, the techniques are to some extent complementary [11, 12] . In the following we will focus on RTIL dynamics, with an excursion to RTIL+polar solvent mixtures. For space reasons only an overview of general trends will be given. For details we refer to the literature and forthcoming publications of our group. Although the static permittivity is directly measured, for the sake of brevity we abstain from a discussion of this quantity and refer to the contribution of H. Weingärtner et al. to this Special Issue. For a discussion of the long-time evolution of RTIL dynamics (relaxation times 10 −6 s), dominated by charge-transport phenomena and (at sufficiently low temperature) glass formation, the reader is referred to the contribution of F. Kremer et al. to this Special Issue and some recent publications [13, 14, 15, 16, 17] . 
Experimental Techniques

Dielectric Relaxation Spectroscopy
DR spectroscopy measures the linear response of the macroscopic polarization of a sample to an external time-dependent electric field [18, 19] which can be expressed as the derivative over time of the time-correlation function [10, 18] of the macroscopic dipole moment, ⃗ M,
In the frequency domain, the experimentally accessible quantity is the generalized complex permittivitŷ
at frequency, ν, where the second term of Eq. (2) represents the Ohmic loss caused by diffusive charge transport with dc conductivity, κ; ε 0 is the permittivity of free space. The first term, the complex permittivityε(ν) = ε ′ (ν) − iε ′′ (ν) with relative permittivity, ε ′ (ν), and dielectric loss, ε ′′ (ν), contains all frequency-dependent contributions to polarization. For the present systems these mainly arise from dipole rotation and libration, as well as from hindered translations (frequencydependent conductivity) and inter-and intramolecular vibrations, reflecting thus the entire dynamics of the studied liquid.
To accomplish the required coverage of several orders of magnitude in frequency in a region still difficult to access, several instruments were required. The lower-frequency region up to 89 GHz was measured in Regensburg using a waveguide interferometer for the frequency range of 60 ≤ ν / GHz ≤ 89 [20, 21] and a vector network analyzer (VNA, Agilent E8364B) with electronic calibration module (ECal, Agilent N4693A) in reflection mode for 0.01 ≤ ν / GHz ≤ 50. The VNA was operated with home-made coaxial-line cut-off cells of varying cell constants suitable for the range 0.01-1 GHz [22] , as well as two commercial open-ended coaxial-line probes covering 0.2-20 GHz (Agilent 85070E-020) and ∼5-50 GHz (Agilent 85070E-050). The probes (PH of Fig. 1 ) were mounted in cells matching their outer diameter and made of carbon-filled PTFE to suppress unwanted waveguide modes. The cells were inserted in a thermostat jacket (T) equipped with a Pt100 temperature sensor, enabling measurements with a temperature uncertainty of ±0.03°C in the range of −35 to 90°C. The calibration procedure for the reflection experiments has been described previously [22, 23, 24] . Additional VNA measurements were made for selected samples using variable path-length waveguide transmission cells [20] similar to that of the interferometer but ranging from 8.5 ≤ ν / GHz ≤ 40. Since such measurements do not require calibration, albeit at the cost of a large sample volume, their results can be used to crosscheck the data obtained from the open-ended coaxial-line probes.
The intermediate frequency range of 0.2 ν / THz ≤ 2.5 was measured in Freiburg using time-domain THz spectroscopy [25, 26] , which also measures the complex dielectric spectrum via the absorption coefficient and refractive index of the sample. Figure 2 shows the schemes of the reflection (0.08 ≤ ν / THz ≤ 0.8) and transmission (0.2 ≤ ν / THz ≤ 2.5) setups and the corresponding cells.
In addition to the DR and terahertz measurements, farinfrared absorption spectra (Bruker Vertex 70) were measured for 0.6-20 THz with the liquids held between a pair of polymethylpentene (TPX) windows [12] . After concatenating the absorption coefficient spectra of all three laboratories, the refractive indices for the far-infrared region were derived by Kramers-Kronig transformation [18] , so that the total permittivity spectrum,η(ν), between ∼10 MHz and ∼20 THz was available. 
Optical Kerr-Effect Spectroscopy
OKE spectroscopy measures the derivative over time of the two-point time-correlation function of the anisotropic part of the many-body polarizability tensor, Π xy ,
It is therefore -like DR spectroscopy -primarily sensitive to rotational motions and only weakly to translations. Although both techniques are complementary for intramolecular modes, this is not necessarily the case at low frequencies where strong interactions are involved. Thus, although the observed modes may arise from different molecular moieties, the same dynamics are generally measured with different intensities for the two techniques [12] . To capture the wide time-span of intermolecular dynamics, two OKE set-ups were employed. The faster dynamics were measured using a 7 nJ, 20 fs pulse (Coherent Mira-SEED) [27] with weaker relaxations at longer times recorded using a regeneratively-amplified setup (Coherent Mantis Legend USX) with a 1 µJ pulse stretched to a duration of ∼ 1 ps [28] .
The spectra obtained with both techniques were fitted (Igor, Wavemetrics) in the frequency-domain with an in-house developed software [12, 29] using standard and specialized empirical functions to model relaxation and resonance processes as described previously [12, 29, 30] .
Auxiliary Measurements
Densities, ρ, were measured by a vibrating-tube densimeter (Anton Paar, Graz, Austria, DMA 5000 M) yielding ρ with a nominal uncertainty of ±5 · 10 −6 g cm −3 in the temperature range 5-85°C. Viscosities, η, were measured with a rolling ball microviscometer (Anton Paar, Graz, Austria, AMVn) with ∼ 0.5 % repeatability in the range of 5 to 125°C. Electrical conductivities, κ, were determined in the temperature range of -45 to 190°C with an overall uncertainty of 0.5 % using the two setups described previously [31, 32] .
Dynamics of Aprotic RTILs
General Remarks
Among the sub-class of aprotic RTILs, imidazolium salts are most intensively studied and widely considered as representative ionic liquids. Within the framework of the present investigation, a number of RTILs composed of 1-alkyl-3-methylimidazolium cations, [ − , was investigated either only by DR spectroscopy (generally over a limited frequency range) or jointly by DR and OKE spectroscopy over the entire range. Additionally, a selection RTILs with pyridinium, pyrrolidinium, and sulfonium cations has been jointly characterized. Already published material can be found in Refs. [12, 33, 34, 35, 36, 37, 38, 39] . From a review of these results the general characteristics discussed below can be observed. At first glance, the DR and OKE spectra of all the studied aprotic RTILs are similar with respect to their overall shape (Figures 3 & 4) . Both are dominated by a mode at low frequencies (typically around 0.5-5 GHz), a more or less featureless intermediate region, and a pronounced cutoff at ∼8 THz. These spectra can be decomposed into a series of relaxation modes at lower frequencies ( 50 GHz) and rather broad (strongly damped) resonance modes in the THz region, all of which are characteristic for the intermolecular dynamics. Sharper peaks in the THz region are due to intramolecular vibrations.
However, a closer look reveals a marked difference between the spectra of imidazolium salts and those of pyridinium-, pyrrolidinium-, and sulfonium-RTILs. The combined fitting of both DR and OKE spectra showed that the dominant lowfrequency peak of imidazolium ILs is a composite and can be split up into two separate processes labeled as sub-α and α relaxation respectively, with peak positions ν pk sub−α < ν pk α , i.e. relaxation times τ sub−α > τ α . Whilst the sub-α mode largely dominates the OKE signal it is hardly discernible in the dielectric spectrum (Figure 3) [12, 37] . In marked contrast, the sub-α relaxation cannot be detected the spectra of pyrrolidinium-, pyridinium-and sulfonium-RTILs. Here only the α mode is found with both methods (e.g. Figure 4 ).
sub-α Relaxation
The sub-α relaxation is unique to imidazolium RTILs where it dominates the OKE spectra [12, 37] (Figure 3) . Sofar it has not been observed for other cations. This contribution is very weak in the DR spectra and without low-frequency Kerr-effect data it would almost certainly have been overlooked. The sub-α mode implies large fluctuations of the polarizability anisotropy that hardly affect the macroscopic dipole moment, i.e. does not involve major changes in the orientation of the cation (and, where present, anion) dipole moments. This points to a breathing mode of mesoscopic aggregates essentially normal to the average dipole orientation of the cluster. Aggregates of π-stacked cations and their surrounding anions are reasonable candidates compatible with MD simulations [40, 41, 42] and scattering experiments [43] . It should be noted that the lifetime of the caging effects observed in MD simulations of RTIL diffusion, see e.g. Ref. [44] , as well as the charge-hopping times deduced from low-frequency dielectric measurements [45, 46, 17] are comparable to the sub-α relaxation time, which is in the order of a few hundred picoseconds at room temperature. 
α Relaxation
At room temperature, the α relaxation dominating the DR response (Figures 3 & 4) peaks in the 0.7-5 GHz region. Quantitative evaluation of its amplitude, S DRS α , revealed that for imidazolium salts the reorientation of dipolar [C n mim] + cations provides the major contribution [34, 35] . Cation rotation is also the main contributor to the OKE α mode [12] . Dipolar anions give rise to an additional relaxation at somewhat higher frequencies. Generally, the amplitude of this mode is considerably smaller than expected from the dipole moment of the anion, whereas the value of S DRS α is increased compared to the corresponding RTIL with non-polar anion. This reveals strong orientational correlations of cation and anion dipole moments in such RTILs, with a significant fraction of the anions slaved in their motions to cation dynamics [36] . We are still working on the detailed evaluation of our data for non-imidazolium RTILs but it appears that, depending on their structure, both cations and anions contribute to the α mode but with different relative weights for DR and OKE. Common to all RTILs is that the α peak is rather broad, suggesting large dynamic heterogeneity.
Simulations suggest that at least for imidazolium RTILs the α relaxation is not a pure rotational motion but also significantly involves translations of cations and anions [47] . This might explain why the effective volumes of rotation derived from a Stoke-Einstein-Debye analysis of τ α yields values incompatible with cation reorientation via rotational diffusion [35] . Indeed by comparing the τ α values from DR and OKE it can be shown that [C n mim] + cations reorient through large angle jumps [12] , in line with the simulation results of Shim et al. [48] . One could speculate that the large-scale cooperative motions giving rise to the sub-α mode prepare the triggering event that leads to cation flip.
Short-time Dynamics
The high complexity of RTIL dynamics becomes apparent in the OKE and DR spectra by the flat but rather large contribution above ∼50 GHz. Intramolecular vibrations are generally weak at such low frequencies. Close inspection revealed ion-specific features at ν 1 THz (30 cm −1 ) to be present both in DR and OKE spectra [11, 12] . This region has been intensively studied by OKE during the last decade, see Refs. [10, 49, 50, 51, 52] and literature cited therein. A pronounced peak at 1-3 THz is a general characteristic of liquids and well established as the librational motion, i.e. the hindered rotation of (here) the ions in their fluctuating cage of surrounding neighbors. The apparent high-frequency cutoff marks the short-time limit (∼100 fs) of these motions. The frequency of the libration mode is determined by the ion's moment of inertia as well as the potential well of the cage. Generally, anion librations occur at lower frequencies (∼1 THz) than cation librations (∼2-5 THz) because of the lower restoring force for the first [52] . Although there is only a limited number of dielectric measurements for RTILs in this region so far, these appear to observe the same processes as OKE spectroscopy.
The flat intermediate frequency region of ∼0.05-1 THz can be fitted by a sum of of resonance modes [11] (Figure 3) . However, in the light of new results it seems more appropriate to use a so-called "constant-loss" term for this region (Figure 4 ) consistent with studies of other strongly interacting liquids [28] . This mainly translational mode is associated with the rattling of molecules in their cage of surrounding neighbors superimposed on the formation and decay of these cages. An argument from MD simulations if favor of such an assignment also for RTILs is provided by the strong collective translational contributions (interionic vibrations) to the simulated dielectric spectrum in this frequency range [47, 53] . 18.2 ± 1. 
Dynamics of Protic RTILs
Since protic RTILs are gaining more and more interest recently [5] and only limited information on their cooperative dynamics is available [54, 55, 56] it seemed worthwhile to investigate ethylammonium nitrate (EAN) and propylammonium nitrate (PAN) as typical representatives of this RTIL sub-class [28, 57] . A main feature of protic RTILs is their ability to form strong inter-ionic hydrogen bonds and it is expected that this extended H-bond network is reflected in the dynamics. Since NO − 3 has no dipole moment, the DR signal is essentially dominated by cation motions whereas the OKE response is dominated by the dynamics of the highly polarizable anion, i.e. for EAN and PAN these techniques monitor different species.
The DR and OKE spectra of EAN ( Figure 5 ) and PAN resemble those of aprotic non-imidazolium RTILs in their overall shape (Figure 4) . However, there is no indication of a sub-α mode. The most notable difference are the pronounced peaks at ∼2 THz in the OKE and ∼5.5 THz in the DR spectrum. Based on cluster calculations, Fumino et al. [55] suggested that these two strong bands are equivalent to the hydrogen bond bend and stretch of water. However, the librational bands of water are observed in the 400-800 cm −1 region (due to the low moment of inertia of the H 2 O molecule) whereas for nitrate and ethylammonium ions these should appear below 300 cm −1 (10 THz). Keeping in mind that the dielectric and OKE signals are both primarily sensitive to rotations, it therefore appears that the observed peaks at ∼2 THz and ∼5.5 THz are librational. This does not argue against extensive hydrogen bonding in these liquids -we can even expect that hydrogen bonding will affect the restoring forces of cation and anion libration and thus determine their positions -but from the involved ion masses we think that the shoulder observed just below 1 THz (in the OKE spectra, Figure 5 (a)) would be a more likely candidate for the hydrogen bond stretch.
An indication for extensive hydrogen bonding, leading to strong cooperativity in the motions of anions and cations is the Arrhenius activation energy, E A of the α relaxation.
2 As can be seen from Table 1 the E A values for the cation (probed by DR) and anion (OKE) reorientation as well as for conductivity are very similar for EAN. This also applies to ion rotation in PAN (where E κ A remains to be determined). For aprotic RTILs, which do not form an extended hydrogen bond network, the activation energies for the α relaxation seem to be consistently smaller than those of EAN and PAN. They are also smaller than the corresponding E κ A values. More direct evidence comes from a comparison of DR and time-resolved infrared spectra showing that the reorientation of the entire cation and of the N-H bond vector have identical activation energy and occur through jumps of ∼106° [57] .
RTILs in Polar Solvents
Several imidazolium salts were also studied by DR spectroscopy in mixtures with polar solvents, albeit only in the frequency range 0. [36] in dichloromethane exhibit bimodal spectra. It turns out that both are composites with the high-frequency mode arising from solvent reorientation and (to a minor extent) fast RTIL contributions. The contribution at lower frequencies is dominated by cation reorientation but for RTIL mole fractions x 0.3 also contact ion pairs (CIPs) contribute. For acetonitrile mixtures, a contribution from bound solvent molecules can also be detected (Figure 6 ). From the detailed analysis of the relaxation amplitudes a cation solvation number of ∼7 was derived for [C n mim][BF 4 ] (n = 2, 4, 6) + acetonitrile at x → 0 [60] . Since this solvation number is independent of the cation's alkyl chain we may conclude that these bound acetonitrile molecules essentially interact with the imidazolium ring. A general feature of the studied mixtures is that although their dynamics gets considerably faster and more homogeneous on dilution their overall character strongly resembles that of the pure RTIL even down to x ≈ 0.2−0.4. Thus, in this low-dilution region the added solvent "lubricates" the RTIL but its moltensalt like character is retained. On further dilution a smooth transition to the behavior of concentrated electrolyte solutions is observed before long-lived contact ion pairs typical for moderately concentrated electrolyte solutions appear at x 0.1 [36, 61, 60] . As expected, the degree of ion pairing is strongly dependent on solvent polarity but is always comparable to association constants of common salts with organic cations in these solvents [62, 63] .
Concluding remarks
The collective dynamics of RTILs were studied by two complementary spectroscopic techniques, with DR spectroscopy probing the dipole vector and OKE spectroscopy being sensitive to the polarizability anisotropy of the sample. For all studied RTIL classes DR and OKE spectra were similar in overall shape, with a dominating relaxation roughly around 1 GHz, an intermediate "constant-loss" region, and more or less pronounced libration bands at ∼ 1 − 5 THz followed by a pronounced cut-off at ∼10 THz. In the THz region intermolecular dynamics may overlap with intramolecular vibrations.
The large bandwidth covered by RTIL spectra indicated that for these liquids the timescale of intermolecular motions ranges from ∼100 femtoseconds up to nanoseconds. Although rotational and translational motions of anions and cations are intimately coupled and all dynamics are highly collective we may sketch the following rough scenario for all investigated RTILs: The fastest motions are dominated by librations (hindered rotations) of ions in the fluctuating cages formed by their neighbors, superimposed by cage rattling (inter-ionic vibrations). These motions may be modulated by hydrogen bond interactions as, e.g. in EAN. With increasing time librations and cage rattling merge with the dynamics of cage formation and decay, leading to the "constant-loss" region of the spectra, before the α relaxation associated with ion rotation emerges with relaxation times of the order of several tens to a few hundred picoseconds.
Generally, DR and OKE are sensitive simultaneously to anions and cations, albeit with different weight, so that information on specific ions may be difficult to extract. The studied sulfonium and pyrrolidinium RTILs are an example for this. The situation is different for the protic ionic liquids EAN & PAN, as here DR is specific to cation reorientation whereas the OKE α mode monitors the anion. Similar activation energies for anion and cation rotation suggested cooperativity in their dynamics and the comparison of the overall reorientation of ethylammonium ion (DR) with N-H reorientation (time-resolved IR spectroscopy) indicated jump reorientation dictated by the hydrogen-bond network of this RTIL.
For the studied imidazolium RTILs the α relaxation, both in DR and OKE spectra, is dominated by cation reorientation through large-angle jumps. Dipolar anions yield a further DR mode at ∼5-10 GHz that is rather weak in amplitude whilst the α mode is enhanced compared to RTILs with nonpolar anions. These observations suggests strong static dipole-dipole correlations of cations and anions if both are dipolar. The most spectacular feature of imidazolium RTILs is the presence of a strong sub-α peak in the OKE signal indicative for the slow breathing motion of large (possibly π-stacked) aggregates.
The investigated mixtures of imidazolium salts with polar solvents were found to retain their IL-like character down to surprisingly low RTIL mole fractions of x ≈ 0.2-0.4 before the dynamics gradually changes to electrolyte-solution like behavior. The latter region was dominated by cation solvation, as well as formation and (at higher x) redissociation of contact ion pairs. The degree of ion pairing varied with solvent permittivity but was always similar to that of conventional salts with organic cations.
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